Inspired by the self-cleaning ability of lotus leaves and stickiness (towards water) of rose petals, we investigate the droplet impact dynamics on such bioinspired substrates. Impact studies are carried out with water droplets for a range of impact velocities on glass, PDMS and soft lithographically fabricated replicas of the lotus leaf and rose petals, which exhibit near identical wetting properties as that of the original biological entities. In this work, we investigate the spreading, dewetting and droplet break-up mechanisms subsequent to impact. Surprisingly, the rose petal and lotus leaf replicas manifest similar impact dynamics. The observation is extremely intriguing and counterintuitive, as rose petal and its replicas are sticky in contrast to lotus leaves. However, these observations are based on experiments performed with sessile water droplets. By contrast, in the current study, we find that rose petal replicas exhibit non-sticky behaviour at the short time scale ∼ (O(10 −3 )) s similar to that exhibited by lotus leaf replicas. Air entrapment in the micrometre features of bioinspired surfaces prevent frictional dissipation of droplet kinetic energy, leading to contact edge recession. We have also unveiled interesting universal physics that to water droplets, is desirable for the transport of microdroplets [22, 23] . Research studies have shown that the petal effect can be useful for preventing condensation in airplane cabins. It can further also help rapid processing of medical tests on free-standing droplets, with the potential for very high turnover of tests in remote areas with inexpensive equipment. For the present study, we have considered two surfaces: replicas of rose petals and lotus leaves. Experiments have been performed on soft lithographically obtained replicas (and not on actual leaves/petals) as the replicas are likely candidates for being used in engineering applications and coatings. The droplet impact history is acquired for four types of substrates: (i) glass, (ii) polydimethylsiloxane (PDMS), (iii) rose petal replica, and (iv) lotus leaf replica. The natural surface texture of lotus leaves and rose petals was preserved during the corresponding replica-substrate preparation (explained later in §2a). To reaffirm this, a simple sessile mode experiment is carried out as the control experiment. Droplets placed on an inclined lotus leaf replica roll-off (lotus effect), while sessile droplets on an inclined rose petal replica stick to the surface [24] . Hence, it is confirmed that the studied substrates mimic naturally occurring lotus leaves and rose petals. Note that all the hydrophobic surfaces (flat PDMS, lotus leaf replicas and rose petal replicas) are similar in their chemical composition. Our research generally focuses on PDMS substrates with varying bioinspired surface textures and topologies (lotus leaf and rose petal replicas). Adhesion of drops on flat homogeneous substrate is determined by the action of intermolecular forces and is the function of droplet contact area and contact angle [25] [26] [27] . But, the stickiness concept is relevant for substrates with microstructure topology where the affinity towards the droplet is controlled by Cassie & Baxter [28] to Wenzel [29] transition, i.e. liquid impregnation [30, 31] . Hereinafter, we adhere to the concept of adhesion for glass and PDMS substrates, whereas stickiness is associated with the bioinspired substrates.
The role of impact energy on individual substrate is studied in detail. Droplet impact history is differentiated in two regimes in order to explain the respective spreading and post-spreading dynamics. Interestingly, while impact dynamics on the conventional surfaces (glass and PDMS) mostly follow the common trend of spreading and pinning, droplet impact on the bioinspired surfaces showcases myriad physical events transpiring from their hydrophobicity and surface intricacies. Unexpectedly, replicas of lotus leaf and rose petal exhibit similar droplet dynamics. Droplets on such bioinspired surfaces manifest depinning and fast recession of the contact edge (∼ O(1) higher receding rate compared to glass and PDMS). For moderate inertial impingement (Weber number We < 35), droplet receding conjoined with jetting and ligament break-up is evident. Further increase in droplet inertia (Weber number (We > 35)) stimulates fingering on the droplet periphery during impact unlike in the case of glass and PDMS. We have deciphered the phenomena of spreading, receding and dewetting dynamics using scaling analysis and energetics. A novel universal relationship, between maximum droplet spread and the initial Weber number and contact angle for both hydrophilic and hydrophobic substrates, is derived. It is found that stickiness of the bioinspired surfaces is a temporal parameter. This interestingly further justifies the underlying physics of stickiness, i.e. the Cassie to Wenzel transition, which occurs over a larger time scale when compared with the transient phenomena of impact. Furthermore, the bioinspired substrates manifest less stickiness than the adhesion between conventional substrates (glass and PDMS) and water droplets, contrary to popular belief. Further new underlying dynamics are discovered relating to the bulb-ligament pinch-off which is observed at the lower end of the Weber number spectrum (We < 35) for the bioinspired substrates.
Material and methods (a) Substrate preparation
We have used cleaned glass slides (hydrophilic) and flat cross-linked PDMS (hydrophobic). Flat PDMS surfaces are fabricated by spin-coating Sylgard 184 solution (a two-part cross-linkable elastomer, with base to cross-linker ratio of 10 : 1. Dow Corning, USA) on glass substrates. These films are annealed at 120°C for 12 h for completion of the cross-linking reaction. Positive replica of naturally occurring rose petal and lotus leaves (electronic supplementary material, figure  S1 ) are used as patterned surfaces, which are fabricated by sequential double replication of fresh lotus leaf and rose petals, respectively. First, a perfect negative replica of the leaf/petal, is obtained by pouring Sylgard 184 solution on them and subsequently cross-linking the PDMS at room temperature over a period of 3 days [32] . High-temperature cross-linking is deliberately avoided to ensure that there was no thermal damage to the leaf or the petal. After the step, the self-standing cross-linked Sylgard 184 layer, which contained the negative of the leaf/petal was manually peeled off and used to pattern a separate spin-coated layer of Sylgard 184 (thickness ∼ 30 µm) to generate a positive replica of the respective biological entities. However, patterning of a PDMS layer with a PDMS stamp typically leads to cohesive bonding between the two layers. To prevent this, the negative replica was first exposed to a UV ozone (UVO) chamber (PSD Pro UV-O, Novascan, USA) for 30 min. UV irradiation at 184.9 nm wavelength dissociates molecular oxygen to atomic oxygen, which recombines again with molecular oxygen to form ozone. The ozone subsequently dissociates to atomic oxygen by the action of UV-C irradiation at wavelength = 253.7 nm [32] . The atomic oxygen reacts with the siloxane group of cross-linked PDMS forming a stiff oxide layer on its surface. This, in turn, prevents cohesive bonding between the stamp and the uncured film during the second patterning, step 2 [32] . The fabricated patterns of lotus leaves are characterized using field emission scanning electron microscopy (FESEM; figure 1b), whereas the features of the rose petal replica are characterized using an atomic force microscopy (AFM; figure 1d ). The microstructures in the original rose petal and lotus leaf are replicated without any distortion or loss in fidelity. As has been analysed with AFM and FESEM, perfect positive replicas are fabricated, which have identical height, periodicity, number density and micro-/nano-structure dimension to their respective original rose petal and lotus leaf (figure 1). However, for lotus leaf-inspired substrates, the waxy nature is not replicated. Note that the aforementioned surface parameters can vary from petal/leaf to petal/leaf by the virtue of natural disorder.
The static contact angle for rose-inspired substrates is found approximately 120°, while for lotus-inspired substrates the same is approximately 130°. For rose-inspired substrate, contact angle hysteresis is prominent for inclined configurations, as reported in one of our previous works by Bansal et al. [33] . The absolute difference between the advancing and receding contact angle is found Δθ ∼ 18 • at 45°inclination for rose-inspired substrates. The droplet on rose substrate (due to the sticky nature) transforms from sessile to pendant mode with complete substrate inversion. Contrarily, the droplet rolls off with substrate inclination of ∼ 4 • ± 1 • on lotus-inspired substrates.
(b) Experimental set-up 
(c) Data analysis and post-processing
Recorded grey-scale droplet images are converted to a binary form using an in-house built adaptive-thresholding algorithm in an integrated interface of ImageJ (Fiji) and Python. Furthermore, the binary droplet images are used for evaluating the droplet shape descriptors (such as droplet spread and droplet height). Reported values of the droplet dimensions are ensemble-averaged over three experimental runs with an uncertainty of ± 8%. 
Results (a) Global observations
In this section, we delineate the global observations of droplet impingement on the substrates. We have used the dimensionless parameter, Weber number (We = ρV 2 d 0 /σ ), to represent the droplet inertia during impact. For the current set-up, We indicates the relative importance of droplet inertia (kinetic energy before impingement) with respect to the surface tension forces. Figure 3 summarizes the hydrodynamic outcomes for impingement on multiple substrates with We variation (see electronic supplementary material, videos S1 and S2). These observations suggest inextricably linked mechanisms of droplet spreading, deposition, receding and dewetting with impact velocity (V) and the employed substrate type. The droplet dynamics for all substrates are bifurcated into two regimes. The regime R1 depicts the temporal region till maximum droplet spread, and the second regime, R2, demarcates the events following the maximum droplet spread. The spreading dynamics is quantified by the ratio of instantaneous droplet spreading factor (β = d/d 0 ) and the maximum spread factor (β max = d max /d 0 ), where d and d max are the instantaneous and maximum droplet spread diameter, respectively (figure 4).
For all substrates and Weber number range (6 ≤ We ≤ 132), the droplet exhibits similar trend of initial spreading until a maximum diameter is attained. In figure 4 , we have used the normalized time scale (t/t harmonic ) to depict the temporal history of droplet spread, where t harmonic ∼ √ m/σ . The significance of t harmonic will be discussed later in detail. The normalized profiles indicate that irrespective of initial kinetic energy and substrate type, there exists a universal time scale that can describe the maximum spread. Droplet hydrodynamics in Regime R2 is found to be disparate for different substrates. During Regime R2 for all values of We on glass, droplets exhibit a higher extent of stickiness, in other words, droplet deposition, where the droplet wets the surface for the entire droplet lifetime ( figure 3) . In other words, the recession or dewetting of the contact line is absent (figure 4a). There are no discernable surface waves and associated ligament break-up for glass substrates across all Weber numbers. For the PDMS substrate, Regime R2 is a conjunction of droplet receding, surface waves, liquid ligament formation and corresponding break-up. The droplet on PDMS shows reasonable stickiness, as indicated in figure 3b . However, retraction of the contact edge is discernable. An open cavity is created during droplet impingement, which collapses during the receding phase. The cavity collapse leads to surface waves that further results in a liquid jet. The jet velocity and subsequent tip break-up are found to be a function of initial droplet inertia. As an example, while the liquid ligament undergoes tip break-up for We ∼ 6, at higher We values this outcome is either subdued or totally absent ( figure 3 ).
In the current context of droplet impact dynamics where surface texture, pattern and roughness play crucial roles, bioinspired surfaces extend several novel physics and intricate phenomena. Droplet receding is significant on the bioinspired substrates during Regime R2, ∼ O(10 1 ) higher compared with PDMS substrate. However, for lotus leaf replicas a higher receding rate is observed than rose petal replicas. Receding dynamics on rose-inspired substrates are similar to that of lotus, thereby suggesting reduced stickiness of rose surface for water droplets at short time scales. Conjoined with the receding dynamics, the droplet adapts a configuration comprising a bulb and conical fluid ligament, as shown in figure 3 . For lower impact energy (We ∼ 6), the fluid bulb pinches off from the ligament for the lotus leaf replicas unlike the case of rose petals, where pinch-off is not seen. Similar bulb-ligament arrangement is evident for 6 < We ≤ 35 (figure 3) with reduced bulb diameter and increased liquid ligament dimensions for both rose and lotus replicas. In particular for this range of We, the pinching-off mechanism is invariably present. Further increase in the initial kinetic energy (35 < We ≤ 132) prompts droplet splash. Consequently, liquid fingers form at the droplet periphery fragmenting into daughter droplets ( figure 3 ). In figure 3 , due to this prompt disintegration, the spread factor variation is not provided for We > 35. The reported observations unearth some intriguing questions: Why are the receding velocities for bioinspired substrates higher than the conventional surface? Why for the same values of We, do lotus leaf replicas exhibit pinch-off, whereas the same is not seen for rose petal replicas and, most importantly, How do you ascertain if a substrate is sticky or not based on the droplet spreading/retracting dynamics at extremely small time scales. In the subsequent sections, we unravel the aforementioned differences between the conventional and bioinspired surfaces in detail. Furthermore, through meticulous implementation of scaling analysis and energetics, we provide a holistic understanding of the dynamics of droplet impingement on bioinspired surfaces.
Discussion
In the subsequent section, we identify the governing parameters and dimensional groups responsible for various droplet hydrodynamics. Hereinafter, we also explain the answers to the previously posed questions.
(a) Dynamics of spreading (Regime R1)
First, we have presented a universal trend for droplet spreading in figure 4 for all the initial droplet kinetic energy values. It is evident that for a specific substrate, the normalized spread factor (β/β max ) collapses to a single maximum at a single normalized temporal scale (t/t harmonic ), Assuming the geometry of the droplet to be a spherical cap at maximum spread [34] and using conservation of droplet mass before and after impact ρ π
where θ is the instantaneous droplet contact angle at the three-phase contact line (figure 5).
Incorporating droplet height at the centre given as, z = (d/2 sin θ)(1 − cos θ) in the above equation π
Substituting the term (π/12 sin 2 θ )(2 + cos θ )(1 − cos θ) as Γ (θ),
The scale of the droplet retardation (a) during impact is given as Hence, the droplet spreading factor (β = d/d 0 ) is a function of the initial impact velocity (V) and droplet contact angle. For the maximum droplet spread diameter, it can be written as
This analysis establishes a pertinent fact that β and β max are functions of V and θ, respectively. However, their ratio, β/β max is independent of both parameters. The efficacy of the above scaling can be aptly described by deconstructing it into two parts: (i) effect of the variation in Γ (θ) for different substrates (θ), and (ii) effect of the variation in θ for different We. In figure 5d , it is shown that Γ (θ ) has a nonlinear yet increasing trend with θ. Figure 4e suggests that each substrate exhibits a unique constant value of Γ (θ ) irrespective of the Weber number, We. It is, therefore, interesting to note that at a constant value of We, d max /d 0 will exhibit a decreasing trend for impingement on substrates varying from glass (θ ∼ 20 • ) to bioinspired (θ ∼ 100°). In other words, the maximum spread on glass is much higher than rose or lotus. But, at a fixed value of θ, with increasing We, d max /d 0 will follow an increasing trend. This is precisely what we have also observed experimentally. Furthermore, the variation of β max with We 1/4 Γ (θ) −1/2 shows a universal behaviour (figure 5f ), thus justifying the scaling. This formulation is able to capture the spreading trend of droplet on both hydrophilic and hydrophobic substrates. However, the derived scaling is not applicable for the superhydrophobic substrates (see electronic supplementary material, video S3). The obtuse value of θ results in asymptotic increase in the r.h.s. value of equation (4.8).
Furthermore, in the quest to find a universal parameter to normalize the temporal scales pertaining to the spreading phase (R1) (figure 4), the energetics of the system is analysed. The instantaneous total energy (E) per unit volume can be given as
where first term of the r.h.s. is the kinetic energy and the second term denotes the surface energy, r is the spreading velocity and v is the droplet volume. Note that, in order to incorporate the geometrical parameters of the droplet, k is used as the proportionality constant for the surface energy. The time derivative of the total energy can be written aṡ
Assuming negligible energy losses during Regime R1 [35] ,
Therefore,r
The above equation is a standard form of the simple harmonic oscillator. Therefore, the natural angular frequency of oscillation (ω) can be given as
Furthermore, the corresponding timescale of oscillation is substrates. Indeed, the β/β max plots collapse to a single universal curve when plotted against the normalized time scale, thereby establishing the veracity of the analysis.
(b) Dynamics of contact line recession (Regime R2)
Impact dynamics on the glass substrate during Regime R2 is benign, and exhibits droplet pining and deposition (as shown in figure 3 ). During this regime, the droplet spread and its rate (figures 3a and 6a) showcase nearly constant values, therefore, suggesting the immobility of the droplet. On the PDMS substrate, for all We values, droplets exhibit a similar trend of receding (figure 6b). Although at We ∼ 6, jetting and break-up is observed, the break-up is suppressed for We ≥ 6 (this mechanism will be explained later). The droplet receding rates are comparatively higher on the bioinspired surfaces ( figure 6c,d) .
The droplet spreading rate,β (temporal rate of change of β, is normalized by the parameter V/d 0 which incorporates the droplet impact time scale [35] . The ratio ofβ to the impact velocity suggests the extent of droplet kinetic energy being transformed to the droplet spreading at the expense of droplet-substrate interactions, i.e. friction and surface tension forces. Glass and PDMS substrates with minute surface structures (order of nanometres) offer strong frictional resistance to droplet spreading. Therefore, droplets on these substrate exhibit pinning relatively faster compared to the bioinspired surfaces. But, bulk receding (negative values ofβ) at a higher rate is discernible for the biomimetic surfaces. Hence, it can be heuristically suggested that the substratedroplet interaction is minimal for bioinspired substrates. This phenomenon will be explained in detail in subsequent sections. Note that the retraction of the contact line is represented by decrease in β; hence, the corresponding rate (β) is negative.
(i) Jetting and break-up on non-bioinspired surfaces
Jetting and tip break-up are observed for We ∼ 6 on PDMS substrate (refer to the electronic supplementary material, video S2). During droplet impact, the generated jets are commonly known as the Worthington jets [36, 37] . Here, at low inertia impact, the formation of an air cavity (R cavity , figure 7 ) and its subsequent collapse results in the jetting. At lower kinetic energy, i.e. We ∼ 6, the surface capillary waves create a central air cavity. Furthermore, the cavity develops a low-pressure zone and the flow of the vicinal fluid surges (t ∼ 4 ms, figure 7) . Influx of the surrounding fluid axisymmetrically squeezes and collapses the cavity (t ∼ 5.9 ms, figure 7) . At the point of collapse, the radial momentum is transferred in the axial direction component (for mass conservation), resulting in the formation of a liquid jet (t ∼ 6.2 ms, figure 7 ). The liquid jet is further stretched and undergoes Rayleigh-Plateau tip break-up when the aspect ratio of the L jet /w jet > π, where L jet and w jet are the length and width of the jet (figure 8), respectively. Contrarily, for We > 6, although jetting is evident, tip break-up is never observed. In figure 8 , it is obvious that for higher impact energies (higher values of We), the aspect ratio of the liquid jets do not satisfy the Rayleigh-Plateau criterion of break-up. We provide the following scaling analysis to explain the correlation between the impact velocity and consequent jetting and/or break-up. Assuming a cylindrical air cavity with radius R cavity , the scale of the Laplace pressure can be given as
This pressure energy is converted to the kinetic energy of the jet [38] . Therefore,
and
where V jet is the jet velocity which showcases inverse square root dependence on R cavity . Figure 9a shows that R cavity increases with the increase in impact velocity, V. This observation suggests that for We > 6, the jet velocity, V jet will reduce. To validate the above scaling and our conjecture, we present the corresponding experimental data ( figure 9b) . Experimentally, the jet velocity is found to be reduced considerably with the increase in the cavity size, which corroborates our previous discussions. Accordingly, Rayleigh-Plateau tip break-up is not observed due to reduced kinetic energy of the liquid jets (reduced stretching). Note that the presented scaling law is quantitatively simple and accurate. Note that the simplistic geometrical assumption of the air cavity to be a cylinder generates inherent errors (figure 9b), which leads to deviation between the theoretical line and experimental data points (described in the electronic supplementary material, figure S3 ).
(ii) Contact line recession on bioinspired substrates
Regime R2 manifests many interesting physical mechanisms for the bioinspired substrates as compared to glass and PDMS. As mentioned before, on the bioinspired surfaces (rose petal/lotus) the receding rates are nearly an order higher compared with PDMS. The average dimensions of the surface features of the rose petal and lotus leaf replicas are found approximately 5 µm (AFM images, figure 10a ) and approximately 14 µm (SEM images, figure 10b ), respectively. The nonuniformity of these features ensures heterogeneous wetting and formation of irregular air pockets (δ 1 = δ 2 , figure 10c ) as the droplet impacts [11, 39] . Therefore, on bioinspired substrates, the droplet where F ST is the surface tension force given as 2π rσ (1 − cos θ R ), θ R is the receding contact angle; the scale of dm/dt can be given as 2π rz(dr/dt)ρ, where z is the height of the droplet. Incorporating all the parameters in equation (4.18) , the scale of the receding rate V rec = dr/dt is given as
Therefore, V rec = dr/dt (in Regime R2) is inversely proportional to the square root of the droplet height and can be scaled as ∼ 1/ √ z max , where z max is the maximum droplet height, as shown in figure 10 . It is to be noted that unlike surface waves as observed due to cavity collapse in PDMS substrates, the retraction mechanism of liquid on bioinspired surfaces is significantly different. The gliding bulk inward motion of the liquid on rose or lotus is devoid of contact line pinning. Consequently, surface waves are relatively arrested as compared to the case of flat PDMS substrate. Figure 11 shows that the scaling matches reasonably with the experimental data within ±10% of uncertainty. Note that the receding velocity for lotus leaf replicas is higher ( figure 11 ). The surface troughs/crests for lotus substrate are larger (approx. 14 µm) than those of the rose petal replicas (approx. 5 µm) and quantitatively entrap relatively more air volume. Therefore, they provide more air cushioning to the droplet resulting in a higher receding rate. The air cushion and the associated small time scale result in non-stickiness even on rose petal. It is imperative to mention that for a droplet, the associated temporal scales necessary for transition from Cassie & Baxter [28] wetting state (entrapment of air pockets in the surface cavities, heterogeneous wetting) to the Wenzel state [29] (surface cavities are filled with liquid, homogeneous wetting) is of the order of seconds [33, 40, 41] . This has been proved in many experimental studies by placing the droplet on the rose/lotus substrates and inverting/tilting the same [33] . Here, the complete spreading and receding dynamics occurs over a very short time scale ∼ O(10 −3 s). Hence, the droplets do not have sufficient time to seep through the surface microstructures to allow pinning of the three-phase contact line.
(iii) Adhesion and stickiness
Conventionally, the affinity between solid-substrate and liquid droplets is termed as adhesion. However, the presence of microstructures leads to an auxiliary interlocking of liquid into the substrate via Cassie-Wenzel transition [28] [29] [30] [31] commonly termed as stickiness. In the current work, all hydrophobic surfaces share the same chemical composition, i.e. flat cross-linked PDMS.
Owing to the varying surface topologies, the bioinspired surfaces have higher static contact angle (approx. 130°) than the flat PDMS substrates (approx. 110°). This is a cumulative effect of the substrate adhesion and their corresponding microstructures. For the PDMS substrates, the surface texture is of the order of nanometres. Hence, the droplet on PDMS is already in Wenzel state and recedes very slowly in a stick-slip mode. For the bioinspired substrates, the texture dimensions are ∼ O(10 3 ) µm. This results in the entrapment of O (10 µm) order air film. The air film acts as a cushion and assists in the bulk retraction of the droplet on bioinspired substrates unlike the partial pinning on PDMS. Stickiness (Cassie to Wenzel transition) happens over a duration of several seconds. In the current situation, the required time-span for Cassie-Wenzel is greater than the sum of droplet spreading and receding time scales ∼ O(10 −3 ) s. Hence, stickiness is not observed in both bioinspired substrates and the underlying droplet impact dynamics are grossly similar. At higher We numbers (We > 35), the parent droplet (after disintegration) exhibits non-sticky behaviour.
To define the stickiness in a quantitative manner, we introduce a stickiness index S for the bioinspired substrates, given as the ratio of spread factor at t/t harmonic = 0.9 and the maximum spread factor, i.e. S = β(t/t harmonic = 0.9)/β max . For S = 0, the surface is non-sticky, whereas for S = 1 the surface is sticky. The stickiness index for rose petal replicas (approx. 0.6) and the lotus leaf replicas (approx. 0.5) is similar. This outcome again reaffirms our conjecture that lack of impregnation time scales for both substrates results in their similar behaviour. For shorter time scales (as in the current scenario), t/t harmonic < 0.9, substrate stickiness is a time-dependent variable which results in temporal non-stickiness. (iv) Bulb-ligament dynamics in bioinspired surfaces (6 ≤ We ≤ 65)
The droplet shape distinctly consists of a conical fluid ligament attached to a spherical liquid bulb (figure 12a,b) during bulk retraction on rose and lotus substrates. Moreover, from the high-speed snapshots of the droplet at different values of We, it is prominent that there is a geometry reversal, i.e. at We ∼ 16 (figure 12b) bulb diameter (d*) is small and height (h) of the conical ligament is greater compared with We ∼ 6 (figure 12a). This observation indicates the necessity to understand the interplay of both length scales in the fluid motion. A scaling is proposed connecting the height of the cone (h) and the radius (r* = d*/2) (figure 12a) of the bulb using mass conservation and minimization of surface energy. By mass conservation at the point of pinch-off when droplet is pinned at a radius b (figure 12a) In equation (4.20) , the first term of the l.h.s. represents the volume of the conical ligament, the second term is the volume of the spherical bulb, and the r.h.s. is the initial droplet volume.
Furthermore, the total surface energy (S) of the droplet is given as 
At the point of pinch-off, the value of S should be at its extremum with respect to the ligament height, i.e. dS/dh = 0, which delivers
In terms of the diameters
The scaling indicates the dependence of ligament height on the bulb diameter. Figure 12c showcases a good agreement of the scaling law and the experimental data within ±10% of uncertainty. The inversion of the geometric configuration is the outcome of the variation in the droplet receding rates. It has been shown earlier that droplet spread is directly proportional to We 1/4 . Hence, the restoring force that accelerates the recession of the droplet is higher with the increase in We. The higher bulk receding rate at We > 6 stretches the ligament to a larger height. Consequently, in order to conserve mass, the bulb diameter reduces. Equation (4.26) provides the mathematical implications of the physical events that lead to variations in h and d*. This scaling relation is one of the new features of this work that helps us in better understanding the geometry reversal with variation in initial kinetic energy.
(v) Condition for pinch-off on bioinspired surfaces
The pinching-off of the liquid bulb (electronic supplementary material, Video S4) is evident in the lotus (figure 13a) substrate but not observed for the rose petal replicas at We ∼ 6 (figure 13b). To decipher the necessary conditions for the pinching-off, the following analysis is carried out.
At the junction of the conical ligament and the bulb, i.e. at the neck, the upward forces (the dynamic pressure force due to the bulk droplet retraction (F dynamic ), the excess pressure in the conical fluid ligament (F cone ) and the surface tension force (F ST )) should be greater than the downward forces (the excess pressure in the bulb acting in the downward direction (F bulb ), weight of the bulb (F g ) and surface tension (F ST )) for pinching-off (forces are shown in figure 13a) This inequality signifies that for bulb-ligament configuration, the bulb pinch-off is a function of local dynamic pressure forces (due to the rate of ligament growth) and gravity (in the form of bulb mass). Here, we see two important dimensionless parameters: (i) local Weber number (We b ) based on the base radius of the cone (b), signifying the ratio of dynamic pressure force generated by the bulk motion to the surface tension forces; (ii) local Bond number (Bo r * ) based on the bulb radius which represents the ratio of gravity forces on the bulb and surface tension forces at the neck. Pinch-off is feasible when the dynamic pressure forces overcome gravity ( figure 13 ). This break-up is, therefore, different from the previously seen Rayleigh-Plateau break-up, where ligament stretching leads to the break-up. Similarly, when the gravity forces dominate, the liquid in the bulb head drains downwards without undergoing pinch-off ( figure 13) .
We have validated the proposed scaling by evaluating the parameters pertaining to the inequality expression from the experimental data. At V = 0.4 m s −1 (We ∼ 6), for the rose substrate, the above inequality is not satisfied, i.e. the l.h.s. of inequality (4.30) is approximately 1 whereas, the r.h.s. is approximately 3.1. Therefore, the bulb head in rose drains off quickly as shown in figure 13 . Contrarily, the condition for pinch-off is fulfilled for the lotus substrate (l.h.s. and r.h.s. both are approx. 1). The inequality derived above provides new insights in break-up mechanisms at the low We number regime (We < 35).
Conclusion
Experimental investigation of water droplet impingement is carried out on traditional (glass and PDMS) as well as bioinspired surfaces (replicas of lotus leaves and rose petals) for a range of Weber number, 6 ≤ We ≤ 132. Two temporal zones, R1-Spreading regime till maximum spread, and R2-Receding regime, are identified for all the substrates. For all We, droplet spreading dynamics follows a similar trend for all substrates. Using the concept of energetics, assuming negligible frictional effects, we show that the time scale of maximum spread is independent of initial impact velocity. However, during regime R2, droplets do not exhibit any prominent deviation from the maximum spread on glass. But, droplets on PDMS and bioinspired surfaces exhibit contact line recession. The recession rate is much higher (approx. 10 1 ) on bioinspired surfaces. The higher receding velocity for bioinspired surfaces is attributed to the cushioning effect originating from entrapped air in the microstructured topology. The microstructures of lotus leaves (approx. 14 µm) and rose petals (approx. 5 µm) ensure the presence of an air film between the droplet and substrate. This air film prevents the loss of droplet kinetic energy to frictional forces. Hence, higher receding rates are observed for bioinspired surfaces. A universal scaling is provided for the maximum droplet spread factor (β max ) as function We and the instantaneous contact angle.
For We ∼ 6, collapse of entrapped air cavity leads to the formation of a high-speed jet during R2 in PDMS . The aspect ratio of the liquid jet increases up to the instant where it undergoes RayleighPlateau break-up (l jet /w jet > π) at the tip. For high droplet kinetic energy, this phenomenon is found to be subdued due to the increase in the air cavity diameter (shown using scaling analysis). Regime R2 of the bioinspired surfaces (6 ≤ We ≤ 65) exhibits receding conjoined with ligament formation and ligament break-up. The receding velocity is found to have inverse square root dependence on the droplet height at maximum spread. A dynamic inequality is derived to explain the pinch-off criterion from the ligament. The inequality presents a relation between local Weber number, local Bond number and geometrical parameters of the liquid jet.
Most importantly, we introduce a stickiness index of the substrates as the ratio of spread factor at the t/t harmonic = 0.9 and the maximum spread factor, i.e. S = β(t/t harmonic = 0.9)/β max . The stickiness index reveals that at short time scales both the bioinspired substrates exhibit similar dynamics. This also implies that stickiness cannot be ascertained uniquely as commonly done in any real-life application.
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